previously studied species (Stich et al., 2013) . As an invasive species to the United 6 8
States, early efforts to sterilize these fish by removal of the gonads were ineffective due 6 9
to their ability to regenerate reproductive organs within months of removal (Underwood 7 0 et al., 1986) . The regenerative potential of other organs in this fish have not been further 7 1 explored. In fact, the regenerative potential of cardiac tissue in any large fish species is 7 2 unknown.
7 3
In the present study we design a method to reproducibly injure the heart of the grass 7 4 carp, with a survival rate >95% 24 hours post-surgery. We investigated the cellular and 7 5
functional response of the heart following injury. Our study provides a surgical model for 7 6
investigation of cardiac injury in large fish species and suggests that grass carp are the 7 7
first reported cyprinids that exhibit chronic fibrosis rather than functional regeneration.
8
Additionally, fibroblast and macrophage responses to injury are different from reported 7 9
cyprinid fish species and warrant further investigation. the injury site from a fibrin-rich wound 1-7 DPI to a collagen-rich scar by 28-56 DPI from early to late-stage injuries, although injury size does not decrease further after 14 1 2 0 DPI. (*p < 0.05, ***p < 0.001 relative to 1 DPI; ## p < 0.01, ### p < 0.001 relative to 4 DPI). DPI appeared to partially recover. (*p < 0.05, *** p<0.001 relative to uninjured). (pH3) revealed low to absent levels of cardiomyocyte proliferation at every timepoint 1 7 1 following injury ( Fig. 5A,B ), which at least partially accounts for a failure of 1 7 2 cardiomyocytes to repopulate the injured area ( Fig. 5A ). However, proliferation of non-1 7 3 myocytes was also quantified and revealed an increase in proliferative cells at 14 and 1 7 4
28 DPI specifically in the injured region ( Fig. 5A remote regions at that timepoint). This indicates that the injured region is being repopulated by non-myocytes following cryoinjury. This could potentially also be due to 1 7 8
proliferation of dedifferentiated cells that fail to fully differentiate back into functioning 1 7 9
cardiomyocytes. DPI. This correlates with an increased presence of collagen fibers extending form the 1 9 2 ventricle surface into the trabecular myocardium. Together these data indicate that the 1 9 3 scar tissue is maturing over time with no evidence of regression within 8 weeks. Conventional wisdom on fibrosis in mammals and fish studied so far suggests 2 1 6 fibroblasts and activated myofibroblasts play a major role in ventricular remodeling, 2 1 7 depositing and restructuring the extracellular matrix (ECM) within the injured region. Therefore, we quantified the density of vimentin+ fibroblasts in both injured and remote 2 1 9
regions of grass carp hearts to assess their contribution to fibrosis. Unexpectedly, 2 2 0 fibroblast density decreased in both injured and remote areas of the heart following 2 2 1 cryoinjury ( Fig. 7A ). This depletion of vimentin+ fibroblasts extended throughout the 8-
week study period in both injured and remote regions of the heart. Fibroblast density heart at any single timepoint were non-significant, indicating this response is non- indicates that the myofibroblast phenotype may not be present in the grass carp or may indicates widespread vimentin+ fibroblast depletion in the grass carp heart following 2 3 5 injury and a lack of traditional myofibroblast differentiation. Talman and Ruskoaho, 2016). Naturally, the phenomenon of heart regeneration has 2 7 1 gained interest in order to better understand and prevent this adverse remodeling. species to determine the driving mechanisms that dictate the cardiac injury response. Cardiac disease models in teleost fish have focused primarily on the Cypridinae family, Pachón variety of Astyanax mexicanus (Stockdale et al., 2018) . Interestingly, these fish 2 9 2 each exhibit unique rather than similar cellular responses to injury that result in chronic 2 9 3
fibrosis. While comparisons between these fish and the widely studied zebrafish are 2 9 4 possible, the evolutionary distance between these species limits the capabilities of are shown in Fig. 1 (Yang et al., 2015) ). Additional models of cardiac disease are 2 9 7
needed to elucidate the commonalities among species that exhibit chronic fibrosis 2 9 8
rather than regeneration. The present study reports the response of grass carp 2 9 9
(Ctenopharyngodon idella) to cardiac cryoinjury. This is the first reported species within 3 0 0
the Cyprinidae family that does not regenerate cardiac tissue after injury. It is also the response to cardiac injury as their effect on regeneration has not been documented. and >90% survival to the final 56-day timepoint with consistent injury size that damaged 3 2 5
both the compact and trabecular myocardium. High levels of apoptosis were seen as 3 2 6
early as 1 DPI in the injured region, which resolved quickly to baseline levels of 3 2 7 apoptosis (Fig. 4) . This demonstrates the ability of the cryoprobe to create a local and Grass carp exhibit an increase in non-myocyte proliferation that peaks at 14 DPI 3 4 6 specifically in the injured region ( Fig. 4) . Interestingly, the non-regenerative Pachón 3 4 7
Astyanax mexicanus exhibits a similar peak in non-myocyte proliferation at this has not been fully elucidated but could be key to understanding the species-level 3 5 9
differences in cardiac injury response. ventricle following injury (Fig. 7) . Fibroblasts and myofibroblasts are typically the largest and adult mammals (Talman and Ruskoaho, 2016) . Instead, grass carp see a marked 3 8 1 reduction in fibroblasts in the injury zone and beyond that persists across the entire 3 8 2 length of the study (Fig. 7) . Regardless, scar formation and chronic fibrosis are the cells may be playing a role in grass carp scar formation as well, but we were 3 8 9
unfortunately unable to assess the cell type contributing to this fibrotic behavior due to 3 9 0 availability of species-specific reagents. Future studies could identify the role of 3 9 1 endocardial cells in scar formation and maintenance in the injured grass carp heart.
9 2
Another surprising result in this species is the lack of α SMA+/vimentin+ myofibroblasts the lack of colocalization shown in this study indicate that α SMA alone is not sufficient to 3 9 6 identify myofibroblasts in fish. Our data indicates that myofibroblasts, if they exist in the 3 9 7 grass carp, could have a different expression profile than mammals, making the macrophages are not restricted to the injured region, and an organ-wide response is 4 1 2 seen instead (Fig. 8) . A previous study in the zebrafish and medaka suggests that early 4 1 3 macrophage response is essential to a regenerative phenotype, so this finding at least 4 1 4
partially explains the lack of regeneration seen in the grass carp (Lai et al., 2017) .
However, the effect of a localized versus organ-wide immune response has not yet 4 1 6
been explored and warrants further investigation. has the potential to cause higher levels of stress. A previous study in zebrafish has The present study, in addition to identifying a new potential model of cardiac disease, with 7-day soaks in aquarium salt (1.5 tsp/gal) and a 7-day treatment with Melafix (API 4 5 5
Fishcare, Chalfont, PA, USA) according to package instructions. caudally until they released. The exposed skin was washed twice with povidone-iodine 4 7 4 solution. The heart was exposed through a 1.5 cm incision along the length of the fish, operculum approximately 5-8 mm, allowing direct visualization of the ventricle (Fig. 1C ).
7 8
Excess blood and moisture were removed from the ventricle surface and body cavity was calculated as Abcam, 1:100 dilution) were identified to detect a potential pro-fibrotic response.
6 8
Immune cell response following injury is known to play an active role in cardiac 5 6 9
regeneration in other species (Lai et al., 2017; Xu et al., 2018) . Therefore, csfr1+ All data is presented as mean ± SEM, and n = 3 -5 fish per timepoint were used for 5 7 6 each measurement. Statistically significant differences in means were detected using 5 7 7 independent analysis of variance (ANOVA); one-way independent ANOVA was used fish anesthesia systems and monitoring. The authors have no competing interests to disclose. Sadek, H. A. and Olson, E. N. (2014) . Macrophages are required for neonatal 5 9 7 heart regeneration. J. Clin. Invest. 124, 1382-92. within the epicardium following amputation of the ventricular apex in the axolotl,
